With current carbon composites being introduced into new commercial market sectors, there is an opportunity to develop multifunctional composites, which are poised to be the next generation of composites that will see future commercial applications. This multifunctional attribute can be achieved via integrated nanomaterials, which are currently under-utilized in real-world applications despite significant research efforts focused on their synthesis. This research utilizes a simple, scalable approach to integrate various nanomaterials into carbon fiber composites by embedding the nanomaterials in the epoxy fiber sizing. Illustrated in this work is the effect of silicon carbide nanoparticle concentrations and dimensions on the structural health monitoring sensitivity of unidirectional carbon fiber composites. Additionally, the nanoparticles contribute to the overall damping property of the composites thus enabling tunable damping through simple variations in nanoparticle concentration and size. Not only does this nanoparticle sizing offer enhanced sensitivity and tunable damping, but it also maintains the mechanical integrity and performance of the composites, which demonstrates a truly multifunctional composite. Therefore, this research establishes an efficient route for combining nanomaterials research with real-world multifunctional composite applications using a technique that is easily scalable to the commercial level and is compatible with a wide range of fibers and nanomaterials.
INTRODUCTION
The more widespread commercial adoption of carbon fiber composites has caused research efforts to turn to multifunctional composite research. High performance fiber reinforced composites effectively provide routes to weight reduction in structures while providing sufficient structural performance. Multifunctional composites take this light weighting effort a step further by integrating addition functionalities into composites to reduce the number of components required in a system. One added functionality is sensing in an effort to make self-monitoring composites. [1] [2] [3] These allow the structural health of structures to be monitored by the composites themselves without requiring additional sensors, such as surfaceadhered strain sensors.
To realize these types of composites, research efforts have focused on nanomaterial integration. Some approaches utilize the fibers as growth substrates to synthesize nanostructures directly on the fiber surface prior to composite fabrication. [4] [5] [6] [7] [8] [9] [10] This has resulted in spectacular nanostructures adhered to the fiber surface, but the challenge with this approach is creating a fiber that can be scaled to commercial volumes and used in composite fabrication processes. One, the nanomaterials synthesis processes typically use harsh parameters, whether it be high temperatures or highly basic or highly acidic solutions. 8 Two, the processes may only be currently possible through batch processing, which is not attractive to the industrial partners because they require continuous feedthrough process. Three, these processes are typically material system specific, in that significant research efforts are contributed to optimizing a single nanostructure on the fiber surface. Every additional material needs to go through the same time-consuming optimization process. Therefore, the motivation behind the research presented here is to develop a versatile processing procedure that integrates nanomaterials on the fiber surface in a continuous feedthrough process and can withstand composite fabrication processes, such as fiber weaving and composite layup.
Nanomaterial synthesis is already a highly diverse field. Numerous synthesis processes, including hydrothermal/solvothermal 11 , chemical vapor deposition 12 and electrospinning 13 , have be used to produce a wide variety of nanomaterials. This research aims to build from the already established field of nanomaterial synthesis and utilize those efforts to provide ways of using those nanomaterials in composites in a way that could finally see real-world applications in the near future. The approach here uses the existing polymer sizing coated on carbon fiber as the carrier matrix for nanoparticles. Polymer sizing is added to tows of carbon fibers after carbonization and surface treatment by the manufacturer for two main purposes. First, the sizing facilitates better adhesion between the fiber and the matrix. Second, it improves the ease of handling the fibers during tow weaving and other composite fabrication processes. Research that have grown nanostructures on the fiber surface have claimed that they can replace the polymer sizing with these ceramic nanostructures. 14, 15 That research did facilitate increased fiber-matrix adhesion thus meeting the first criterion. 16 However, the ease of handling is still troublesome and the weaving process is expected to impart a high degree of damage to the nanostructures. Therefore, replaces the polymer sizing is not a commercially attractive approach, but enhancing the polymer sizing with nanomaterials is a perfectly acceptable route.
In this research, silicon carbide (SiC) nanoparticles (NPs) were chosen as nanomaterial due to its piezoresistive nature. 17, 18 While carbon nanotubes (CNTs) have higher piezoresistive behavior than SiC, CNTs have serious health concerns associated with them thus causing some concern when attempting to implement them in commercial applications. 19, 20 Therefore, SiC provides the desired functional property while avoiding the same health concerns as CNTs. Integrating SiC NPs in a commercially available epoxy sizing results in enhanced structural health monitoring (SHM) capabilities for the unidirectional carbon fiber composites fabricated in this study. More importantly, the mechanical performance is simultaneously enhanced thus providing a truly multifunctional composite. While SiC NPs were used in this study, any nanomaterials that is stable in epoxy and water is a viable candidate for integration on carbon fiber.
COMPOSITE FABRICATION
The nanomaterial embedding process was a very straight-forward dip coating process that is typically used in the fiber industry. The materials used in this study were unsized carbon fiber (IM7, Hexcel) tows containing 12,000 individual fiber filaments in each tow. The epoxy sizing was Hydrosize® EP876 provided by Michelman and consisted of an epoxy dispersion in water. The epoxy sizing was further diluted with water using two different concentrations to create different concentrations of epoxy on the fibers. This epoxy was combined with water in ratios of 1:10 and 1:40 by weight (epoxy: water). SiC NPs were then added to the epoxy dilutions. These NPs were supplied by US Research Nanomaterials, Inc. and had diameters between 45 and 65 nm. This dip coating process along with images of the SiC NPs and the bare and coated carbon fibers can be seen in Fig. 1 . The concentrations of NPs in the diluted epoxy was varied from 0 to 50 wt% in 10 wt% increments. This concentration was calculated by considering only the weight of the dehydrated epoxy. The epoxy in the as-received state was roughly 46.5 wt% epoxy so only that fraction of the beginning epoxy mixture was taken into account when weighing out the NPs. For example, to make a 1:10 epoxy dilution with 40 wt% SiC NPs 8 g of the Hydrosize EP876 was diluted with 80 g of deionized water and stirred for 30 minutes. Then 0.31g of SiC NPs was added to the diluted epoxy and stirred till well-dispersed. After adding the NPs, the mixture was left to stir for 24 hours and was sonicated for 30 minutes after approximately 1 hour of mixing. The NP mixture was then poured into a reservoir and the carbon fiber tows were dip coated through the solution in a continuous throughput fashion. Immediately after exiting the dip coating bath, the fibers were tried at 120 °C for 1 minute, which was sufficient to dry the coating due to its thinness. These fibers were then spooled on a fiber creel to await composite fabrication.
For this research, unidirectional composites were fabricated for all testing and characterization through a compression molding technique. A mold was used that had a fixed volume and based on that fixed volume a specific number of fiber tows were added to result in 60 vol% fiber content. Two different composite thicknesses were fabricated for the different testing methods so the number of tows in the mold varied. The composite width and length stayed constant at 12.6 mm and 125 mm, respectively. For the short beam shear tests, thicker composites with a thickness of 2.85 mm were made. The electromechanical testing and viscoelastic testing used thinner composites with a thickness of 1 mm. Therefore, the thicker composites used 85 tows while the thinner composites used 33 tows. These tows were held under tension on a frame when being placed in the compression mold. Epoxy was then added to the fill the mold. The epoxy system used was Hexion, Inc. Epon 862 with Hexion, Inc. Epikure ™ Curing Agent W, which was mixed in a 100:26.4 ratio by weight. This produced a highly viscous uncured epoxy. Once added to the fibers, the mold was closed and processed until the desired final thickness was achieved. The epoxy was cured at 121°C for 4 hours as recommended by the manufacturer. Upon cooling and removable from the mold, the composites were sectioned to meet the dimension specifications for the following tests.
ELECTROMECHANICAL CHARACTERIZATION
The main motivation for using SiC NPs was to enhance the overall SHM capabilities of the composite through larger electrical resistance changes in response to input strain. This was tested using a TA Instruments Q800 Dynamic Mechanical Analyzer (DMA) in a single cantilever configuration with the electrical resistance being measured with a Keysight 34470A digital multimeter and the data captured using Keysight BenchVue software. The thinner composites were used for this and were sectioned to a length of 60 mm with the width and thickness remaining at 12.5 mm and 1 mm, respectively. The composite beams were electrode to measure the out-of-plane through thickness resistance by adhering wires to the composite surface with silver paint with a spacing of 12.5 mm apart. The DMA was used to displace one end of the beam in order to create strain in the composite. A displacement-controlled custom method was used to displace the beam to at a rate of 3000 µm/ min to different displacement levels and hold the beam at that level for about 10 seconds. The DMA then returned the beam to a zero strain state by returning to zero displacement at a rate of 3000 µm/ min and held there for 10 seconds. This cycle was repeated at least 10 times for each displacement magnitude and at least 10 different magnitudes were used. These repeated cycles were averaged to obtain the relative resistance change at each strain level.
MECHANICAL CHARACTERIZATION
The interlaminar strength of the composites were tested through short beam shear test according to ASTM D2344 on a MTS Alliance RT/5 load frame. The thicker composites mentioned previously were used for the tests. The composites were sectioned and polished to produce beams with a thickness, width and length of 2.6 mm, 6 mm and 18 mm, respectively. The crosshead speed was set to 1 mm/min and at least 10 samples from each composite was tested. The chemical bonding in the composites was investigated using Fourier-transform infrared spectroscopy (FTIR) to explain the changes in the interlaminar strength. This was performed using a PerkinElmer Frontier instrument with the attenuated total reflectance method. The spectra was scanned at a rate of 1 cm s -1 from 500 cm -1 to 4000 cm -1 with a resolution of 4 cm Additional mechanical testing was performed on the TA Instruments Q800 DMA with a three point bend clamp to determine the viscoelastic properties of the composites. The thinner, 1 mm, composites were sectioned to reduce the length to 35 mm with the width remaining at 12.5 mm. The tests were run using a 10 Hz sinusoidal waveform and a strain amplitude of 0.01% across a range of temperatures from room temperature to 250 °C ramped at a rate of 2 °C/min.
RESULTS AND DISCUSSION
The electromechanical test results can be seen in Fig. 2a with the overlay of the input strain and the resulting relative resistance change. The averaged relative resistance change for the highest performing composites and the composites with no NPs at every strain level can be seen in Fig. 2b . For the 1:10 composite, the increased SHM response was seen for the 20 wt% SiC NP composite while for the 1:40 dilution the 40 wt% SiC NP composite experienced the largest increase. To further quantitfy the overall SHM sensitivity for the composites, the average gauge factor was calculated. This simple calculation is shown in Equation 1
Gauge Factor = ΔR R 0 ϵ (1) where the change in electrical resistance (ΔR) is divided by the beginning electrical resistance (Ro) and that is then divided by the strain (ε). This value essentially shows the SHM sensitivity of the composite. The gauge factor was calculated for each composite at each strain level using the average relative resistance change at that strain level, which are the values plotted in Fig. 2c and Fig. 2d for the 1:10 and 1:40 epoxy dilution composites, respectively. The gauge factors at each strain level were then averaged to reveal an overall average gauge factor. These overall gauge factors are plotted in Fig. 2d for all the composites. This plot clearly compares the SHM sensitivity for all the composites. For the 20 wt% SiC NPs in 1:10 dilution composite, the average overall gauge factor was 6.12, and the 40 wt% SiC NPs in 1:40 dilution composite that value was 5.33. When compared to the composites with no NPs, these gauge factors equate to a 54% and 48% increase for the 1:10 and 1:40 epoxy dilutions, respectively. To put these gauge factors in perspective, the literature has reported a typical gauge factor of 2 for foil strain gauges and up to a 25 to 28 for SiC. 18, 21 Therefore, the SiC NPs successfully increased the SHM sensitivity of the carbon fiber composites using a technique that is highly scalable and easily implemented in scaled-up manufacturing processes.
Verification that this process created a truly multifunctional composite required mechanical performance characterization. The major determining performance metric is the interlaminar shear strength as tested through short beam shear tests. The average of the tests for each composites is shown in Fig. 3 . While these values did not increase as significantly as the SHM sensitivity, there were still appreciable increases in the interlaminar strength. Notably, the 40 wt% SiC NP in 1:10 dilution composite experienced a 5.1% increase as compared to the composite with no NPs, and the 20 wt% SiC NP in 1:40 dilution composite showed a 13.7 % increase. It can be seen that in the 1:10 composites, some composite strength decreased slightly, but all of the 1:40 composites saw increases in interlaminar strength with the addition of NPs. These increase in interlaminar strength were not expected due to the lack of chemical interactions between the NPs and the fiber and the matrix. As shown in the FTIR plots in Fig. 4 , when adding the SiC NPs to the composites, there were no additional chemical bonds created. Consequently, the improved strength is attributed to mechanical interlocking and crack pinning.
An added benefit of the added NPs was seen in the damping property of the composites. Testing the composites at an elevated temperature and measuring the loss modulus and storage modulus under an oscillating force on the composites revealed the changes in the damping loss factor (tan δ). The tan δ values are shown in Fig. 5 for all of the composites. The region of interest for the tan δ is centered around the glass transition temperature of the composite, which is indicated by an increase in the tan δ value. This increase represents the transition of the matrix from the glass to the rubber state, and an increase tan δ correlates to more energy absorption by the composite. For the purpose of comparison, the peak tan δ was compared at the glass transition temperature for this research to illustrate the change in damping of the composites. For the 1:10 composites, with no NPs the peak tan δ was 0.1268. When adding the NPs to the composite, the peak tan δ ranged from 0.2923 to 0.4529 for the 40 wt% and 20 wt% NP composites, respectively. These values equate to a 130% to 257% increase in peak tan δ. For the 1:40 composites, the peak tan δ value for without NPs was 0.1410. With the embedded NPs, the peak tan δ ranged from 0.2329 to 0.3492, which are 65% and 147% increases, for the 30 wt% and 10 wt% NP composites, respectively. Overall, this indicates that the addition of SiC NPs in the polymer sizing significantly increases the damping loss factor of the composite around its glass transition temperature without shifting the glass transition temperature.
Ideally for a multifunctional composite, functional properties will be added to the system while not sacrificing mechanical performance. The results from the SHM characterization and short beam shear tests showed that true multifunctional composites were fabricated in this research by using SiC NPs embedded in the fiber's epoxy sizing. The composites that saw the best improvements in both SHM and mechanical performance were both achieved using the 1:40 epoxy dilution. The 40 wt% SiC NPs composite had a 47.5% gauge factor increase and a 7.7% short beam strength increase. The 50 wt% SiC NPs composite had a 15.8% increase and 12.2% increase in gauge factor and short beam strength, respectively. The 1:10 dilution composites saw trade-offs in the two criteria. O -H stretching ---.
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